Van Slyke AC, Cheng YM, Mafi P, Allard CR, Hull CM, Shi YP, Claydon TW. Proton block of the pore underlies the inhibition of hERG cardiac K ϩ channels during acidosis.
cardiac ion channels are affected by acidosis acting via various mechanisms, including: 1) charge-screening effects that bias the closed-open equilibrium toward the closed state as described by Frankenhaeuser and Hodgkin (18) ; 2) stabilization of channels in nonconducting inactivated states (8, 9, 31, 53) ; 3) direct block of the conducting pore (6, 32, 52) . Investigations into the effects of acidosis on hERG channel function demonstrate an extracellular proton-induced reduction in peak current amplitude (1, 4, 27, 54, 57) and an acceleration of deactivation (1, 2, 4, 25, 27, 54, 57) ; action potential simulation studies suggest that these actions cause a predisposition to arrhythmia by reducing the protection against premature stimulation (13) . Furthermore, extracellular acidosis has recently been shown to reduce the binding affinity of some antiarrhythmic drugs (15) . Despite this, the site and mechanism of action of protons in hERG channels are unclear. It has been suggested that protons act via more than one site, based on differing pK a values for the inhibition of current amplitude and the acceleration of deactivation in hERG channels (4) . Voltage clamp fluorimetry observations suggest that protons accelerate deactivation by directly altering the return of the voltage sensor (56) , which is consistent with the finding that neutralization of transmembrane charges alters the proton-induced acceleration of deactivation (34) . In contrast, the mechanism of action underlying the inhibition of hERG conductance by protons has not been resolved, although it was recently demonstrated that maximal conductance is reduced to a greater extent by external protons in the hERG1b isoform compared with hERG1a (14) .
In this study, the aim was to elucidate the mechanism of action of protons underlying the loss of hERG channel current amplitude. Data are presented that show maximal conductance in hERG channels is reduced by acidic pH due to direct proton block of the conducting pore and not as the result of titration of native histidine residues or of stabilization of inactivated states, as is the mechanism in a number of other Kv channels.
METHODS

Molecular biology.
A pBluescript SKII expression vector was used to express hERG1a channels in Xenopus laevis oocytes. Mutant constructs were generated using conventional overlap extension PCR with primers synthesized by Sigma Genosys (Oakville, Ontario, Canada). All constructs were sequenced using Eurofins MWG Operon (Huntsville, AL). Constructs were linearized using XbaI restriction endonuclease, and cRNA was synthesized from linear cDNA using the mMessage mMachine T7 Ultra cRNA transcription kit (Ambion, Austin, TX).
Oocyte preparation and injection. In accordance with an animal care protocol reviewed and approved by the Simon Fraser University Animal Care Committee, and with policies and procedures of the Canadian Council on Animal Care, oocytes were surgically removed from X. laevis frogs following terminal anesthesia by immersion in 2 g/l tricaine solu-tion for 25 min. Stage V and VI oocytes were isolated and defolliculated with collagenase treatment for ϳ1 h [1 mg/ml collagenase type 1A in MgOR 2 solution (in mM): 96 NaCl, 2 KCl, 20 MgCl2, 5 HEPES, titrated to pH 7.4 with NaOH] followed by manual defolliculation. Oocytes were injected with 50 nl cRNA using a Drummond digital microdispenser. After injection, oocytes were stored in SOSϩ media (in mM: 96 NaCl, 2 KCl, 1.8 CaCl 2, 1 MgCl2, 5 HEPES, 5% horse serum, 2.5 sodium pyruvate, 100 mg/l gentamicin sulfate, titrated to pH 7.4 with NaOH) at 19°C for 1-4 days before recording.
Macroscopic data acquisition. Macroscopic membrane currents were recorded using two-electrode voltage clamp with an Axoclamp 900A amplifier and Digidata 1440 interface (Axon Instruments, Foster City, CA). Computer-driven protocols were performed using pClamp 10.2 software (Axon Instruments). Membrane currents were recorded while cells were bathed in ND96 solution (in mM: 96 NaCl, 3 KCl, 1 MgCl 2, 0.5 CaCl2, 5 HEPES, 5 MES, titrated with NaOH). In some experiments, the effect of changing the external [K ϩ ] (from 0 to 7 mM) was studied. These solutions were made by adjusting the KCl content of ND96 solution. In experiments in which external Na ϩ was changed, equivalent molar quantities of NMG ϩ were substituted for Na ϩ . Electrodes had a resistance of 0.2-2.0 M⍀ when filled with 3 M KCl. Voltage protocols are described in the relevant text and figure legends. All current signals were acquired at a sampling rate of 10 kHz with a 4 kHz low-pass filter. Experiments were performed at 20 -22°C.
Microscopic data acquisition. Single channel currents were recorded from cell-attached patches of Xenopus oocytes following removal of the vitelline membrane. Vitelline membranes were removed with fine forceps following a 10 min incubation of oocytes in a hypertonic solution (MgOR 2 solution supplemented with 73 g/l mannitol). Cell-attached patch currents were recorded using an Axoclamp 200B amplifier and Digidata 1440 interface with pClamp 10.2 software-driven protocols (Axon Instruments). Currents were recorded while cells were bathed in a high external [K ϩ ] solution (in mM: 99 KCl, 1 MgCl2, 0.5 CaCl2, 5 HEPES, 5 MES, titrated with NaOH) to increase the driving force for ion movement and, therefore, our ability to accurately resolve current amplitude. Whole oocyte current amplitudes were typically 20 -30 A at ϩ60 mV. Electrodes had a resistance of 8 -10 M⍀ and were filled with high external [K ϩ ] solution titrated to either pH 7.4 or 5.5. Membrane seals typically had a resistance of Ͼ30 G⍀. Current signals were acquired at a sampling rate of 10 kHz with a 1 kHz low-pass filter. Capacity transients were subtracted offline by subtracting sweeps in which there was no channel activity. Experiments were performed at 20 -22°C.
Data analysis. Activation parameters were determined from fits of conductance-voltage (G-V) relations using a single Boltzmann function:
where y is the conductance normalized to the maximal conductance at pH 7.4, ymax is the maximal conductance at each pH relative to maximal conductance at pH 7.4, V1/2 is the half-activation potential, V is the test voltage, and k is the slope factor. The voltage dependence of proton block was quantified using a modification of the Woodhull model (58): fA(V) ϭ fA(0 mV)·exp(z␦FV/RT); where fA is the fractional amplitude at the test voltage, fA(0 mV) is the fractional amplitude at 0 mV, z is the apparent valence, ␦ is the electrical distance between the proton binding site and the rate-limiting barrier for exit, V is the test voltage, and F, R, and T have their standard meaning. Concentration-response data were fitted with the Hill equation: 
or Na ϩ , depending on the experiment, and n is the Hill coefficient. In figures showing example current recordings, arrows mark the zero current level and dotted lines represent baseline current levels to guide the eye. Single channel current amplitude was measured using pClamp 10.2 software. Current amplitudes of several sweeps were averaged to provide the mean single channel current amplitude for each patch. The number of sweeps collected from each patch showing activity varied from patch to patch (from 8 to 69 sweeps). Extrapolation of deactivating tail currents to the instant of the voltage change was performed using pClamp 10.2 software in a manner similar to that previously described (50) . The position of the cursor for the extrapolation was such that fits started at a time that was Ն5ϫ the time constant for the recovery from inactivation. If one assumes that recovery from inactivation and deactivation are sequential processes, this ensures negligible contamination of the fits of deactivation by channels recovering from inactivation. Extrapolation of the biexponential fits of deactivation provided a measure of the instantaneous peak current amplitude and the assessment of the effect of protons prior to the onset of recovery from inactivation and deactivation, both of which are markedly altered by acidic pH. Data throughout the text and figures are shown as means Ϯ SE. In some figures, error bars are not visible because they are obscured by the data symbol. Statistical tests were performed using Sigmaplot 11.0 (Systat Software, San Jose, CA). Data were tested for normality using the Shapiro-Wilk test. One-way ANOVA or KruskalWallis ANOVA tests were used for parametric and nonparametric data, respectively. Figure 1 summarizes the effects of pH changes on wild-type (WT) hERG channel function. Typical current traces recorded Fig. 1 . Protons inhibit wild-type (WT) human ether-a-go-go-related gene (hERG) maximal conductance. A: typical WT hERG current traces recorded during a 2 s voltage pulse to ϩ60 mV followed by a 2 s pulse to Ϫ60 mV at pH 7.4 and pH 5.5 (holding potential, Ϫ80 mV). B: conductance-voltage (G-V) relations constructed from peak tail currents recorded at pH 8.0 (n ϭ 6), 7.4 (n ϭ 25), 6.5 (n ϭ 5), 5.5 (n ϭ 8), and 4.5 (n ϭ 5) normalized to the peak tail current recorded at pH 7.4. Data were fitted with a Boltzmann function (see METHODS and also Table 1 ). C: pH dependence of hERG WT maximal conductance. Data were fitted with the Hill equation (see METHODS) and yielded a pKa value of pH 5.1 Ϯ 0.1. in response to a 2 s depolarizing pulse to ϩ60 mV followed by a hyperpolarizing pulse to Ϫ60 mV at pH 7.4 and 5.5 are shown in Fig. 1A . As previously observed (1, 4, 27, 54, 57) , peak tail current was reduced in the presence of acidic pH. G-V relationships recorded over a range of voltages and pH values (Fig. 1B) show that the maximal conductance was reduced by 37.3 Ϯ 4.8% at pH 5.5 and by 62.8 Ϯ 1.2% at pH 4.5. The inhibition of maximal conductance occurred in addition to an acidic pH-induced increase in the energy required for activation. The latter is evident in Fig. 1B as well as Table 1 , which describes the effects of pH changes on activation parameters. Acidic pH (pH 5.5 and 4.5) caused a significant increase in the free energy of activation (⌬G) as a result of a right shift of the V 1/2 of activation and an increased slope factor, k (see Table 1 ). Figure 1B shows that measurements of peak tail currents following a ϩ60 mV depolarization allow comparison of the effects of acidic pH on fully activated channels (i.e., maximal conductance) that occur over and above the effect of protons on the voltage dependence of activation. Figure 1C shows a plot of the pH dependence of the reduction in maximal conductance fitted with the Hill equation. The fit yielded a pK a value of pH 5.1 Ϯ 0.1, similar to that observed previously (1, 4) . The current traces in Fig. 1A also demonstrate the acceleration of deactivation induced by acidic pH (pK a ϭ 6.9 Ϯ 0.1, data not shown), although this is not the focus of the present study.
RESULTS
Individual native histidines do not mediate the protoninduced inhibition of hERG channel conductance. Histidine residues serve as pH sensors for the effects of protons in a number of Kv channels (9, 24, 31, 53) . It is reasonable to suppose therefore that histidine residues may act as pH sensors governing the effects of protons in hERG channels. Two histidine residues in the S5-P-loop "turret" region, H578 and H587 ( Fig. 2A) , have previously been excluded as sensors mediating the proton-induced acceleration of deactivation (25) . However, their role in the loss of conductance has not been tested. In addition, a further three histidine residues, H485, H492, and H562 ( Fig. 2A) , may be accessible to the extracellular environment (34) , and to the authors' knowledge their role in pH modulation has not previously been reported in full. Figure 2 , B and C, shows the effects of mutating each of these histidines on the pH dependence of hERG channel maximal conductance and deactivation. Typical tail currents recorded from H485Q, H492Q, H562Q, H578Q, and H587Q mutant channels at Ϫ60 mV after a pulse to ϩ60 mV are shown in the presence of pH 7.4 and 5.5 perfusate (Fig. 2B ). Mean G-V relationships for each mutant channel are shown in Fig. 2C . It Table 1 . Effect of pH changes on WT hERG activation parameters
Values for V1/2 and k obtained from Boltzmann fits of conductance-voltage (G-V) relations. Free energy changes (⌬G) were calculated using ϪzFV1/2, and perturbation energies (⌬⌬G) were calculated using ⌬⌬G ϭ ⌬GpHtest Ϫ ⌬GpH7.4. *Significantly different from corresponding value at pH 7.4 (P Ͻ 0.05). WT, wild type; hERG, human ether-a-go-go related gene. in S5, and H578Q and H587Q in the S5-P-loop linker. B: typical tail currents recorded from hERG H485Q, H492Q, H562Q, H578Q, and H587Q channels during a 2 s voltage pulse to Ϫ60 mV applied following a 2 s step to ϩ60 mV (only the tail current is shown; holding potential, Ϫ80 mV). C: G-V relations constructed from peak tail currents recorded at pH 7.4 and 5.5 (n ϭ 5-6), normalized to the peak tail current recorded at pH 7.4. Data were fitted with a Boltzmann function (see METHODS). None of the histidine mutations attenuated the reduction in maximal conductance or the acceleration of deactivation at low pH. Maximal conductance was inhibited by 37.3 Ϯ 4.8, 52.5 Ϯ 1.8, 48.6 Ϯ 1.5, 58.6 Ϯ 0.7, and 33.7 Ϯ 3.1% at pH 5.5 in WT, H485Q, H492Q, H562Q, H578Q, and H587Q channels, respectively. is clear that maximal conductance was still reduced and deactivation was still accelerated in all histidine mutant constructs. Furthermore, the parameters describing the voltage dependence of activation ( Table 2 ), demonstrate that the pH-induced increase in the energy required for activation (⌬⌬G) was not reduced by any of the histidine substitutions. These data suggest that individual native histidines in hERG channels are not the pH sensor for the effects on maximal conductance, activation, or deactivation.
pH-induced reduction in maximal conductance is not the result of a stabilization of inactivated states. In other Kv channels, such as Shaker, Kv1.4, and Kv1.5, maximal conductance is reduced at low pH as a result of stabilization of channels in inactivated states (7, 9, 11, 31, 42, 53) . In hERG channels there is evidence that a similar inactivation mechanism occurs (47) (48) (49) 51) , and so the possibility that low pH reduces maximal conductance by stabilizing hERG channels in the inactivated state was explored. To do this, the effect of acidic pH on maximal conductance was measured in the inactivation-removed S620T mutant (17) and compared with that in WT. Figure 3A shows example current traces recorded from hERG S620T mutant channels at pH 7.4 and 5.5, respectively, in response to the activation voltage protocol described in the figure legend. As shown previously (17) , robust outward currents were recorded from S620T mutant channels at depolarizing pulses, consistent with the absence of inactivation. Figure 3B shows G-V relationships for WT and S620T mutant channels at pH 7.4 and 5.5. The maximal conductance in S620T mutant channels was reduced by 34.9 Ϯ 1.7% at pH 5.5, which was not significantly different from that in WT channels (n ϭ 7; P Ͼ 0.05, unpaired t-test). This finding is consistent with an observation briefly reported recently (14) . These data suggest that, unlike in other Kv channels, the reduction in maximal conductance observed at low pH in hERG channels is not due to a stabilization of inactivation. This is consistent with data shown in Fig. 3C that demonstrate that low pH does not alter steady-state inactivation. Similar findings previously reported that both steady-state inactivation and the rate of onset of inactivation were pH insensitive in hERG channels (25, 54) .
Reduction in maximal conductance at low pH is voltage dependent. In Shaker Kv channels, L-type calcium channels, and the cardiac sodium channel, Na v 1.5, protons reduce maximal conductance by directly blocking the pore (6, 32, 52) . To test whether this may also be the case in hERG channels, the voltage dependence of the reduction in maximal conductance at pH 5.5 was measured. To compare accurately the extent of proton block across different voltages in fully activated channels, tail current amplitudes following a 2 s pulse to ϩ60 mV were extrapolated back to the instantaneous voltage change as shown in Fig. 4 , A and B (see METHODS). The rationale for this was that deactivation is voltage dependent and is accelerated at more hyperpolarized potentials. Faster deactivation rates may result in an underestimation of the peak tail current and therefore an overestimation of the pH-dependent reduction at more hyperpolarized potentials. Moreover, the rate of recovery from inactivation, which is responsible for the characteristic hook in hERG tail currents, is pH dependent (25, 54) . Our approach estimates proton block in fully activated channels prior to the onset of recovery from inactivation and deactivation, both of which are dramatically affected by protons. Figure 4C shows the voltage dependence of tail current Table 2 . Effect of pH changes on histidine mutant activation parameters
⌬⌬G values in the histidine mutants were calculated using ⌬⌬Gmutant ϭ ⌬Gmutant,pH5.5 Ϫ ⌬Gmutant,pH7.4. *Significantly different from corresponding value in WT channels (P Ͻ 0.05). Fig. 3 . The reduction in maximal conductance at low pH is independent of the inactivation process. A: typical current traces recorded from hERG S620T mutant channels at pH 7.4 and 5.5. Cells were depolarized for 2 s to ϩ70 mV (from a holding potential of Ϫ80 mV) in 10 mV increments followed by a hyperpolarizing pulse to Ϫ60 mV for 2 s. B: G-V relations constructed from peak tail currents for hERG WT and S620T mutant channels at pH 7.4 and 5.5, normalized to pH 7.4. The S620T mutant did not attenuate the reduction in maximal conductance observed at low pH in WT channels (n ϭ 7; not significantly different, unpaired t-test). C: WT hERG inactivation-voltage relationships at pH 7.4 and 5.5 constructed from normalized peak currents recorded at 0 mV following a 30 ms conditioning pulse to a range of voltages applied after a 2 s depolarizing pulse to ϩ60 mV. Acidic pH did not alter the voltage dependence of WT hERG channel inactivation: V1/2 values at pH 7.4 and 5.5 were Ϫ53.2 Ϯ 4.2 and Ϫ52.0 Ϯ 2.8, respectively (n ϭ 6; not significantly different, unpaired t-test).
inhibition by acidic pH using this approach. The fractional amplitude of peak tail current at pH 5.5 normalized to pH 7.4 is plotted for a range of membrane potentials. The reduction in tail current at pH 5.5 was clearly voltage dependent, with more pronounced block of peak tail current observed at more hyperpolarized potentials. These data suggest that protons bind within the electrical field. When fitted with the model proposed by Woodhull (58) (see METHODS) to estimate the fraction of the electrical distance traversed by protons to reach their binding site (␦), the data yielded a value of 0.18 Ϯ 0.02 (Fig. 4C) .
Reduction in maximal conductance at low pH is dependent upon external cations. As a further test for pore block as the mechanism for the reduced maximal conductance, we measured the external cation dependence of the effect of protons. If extracellular protons bind within the outer pore, the extent of block would be expected to increase with lower external [K ϩ ] due to reduced competition for access to the proton binding site. Consistent with this, it has been shown previously that changing the external [K ϩ ] from 2 to 10 mM reduces the extent of the H ϩ -induced reduction in maximal conductance in hERG channels (54) . Here, the potassium dependence of proton block has been quantified. Figure 5A Fig.  5B , and the mean proton inhibition in the absence of Na ϩ is summarized in Fig. 5D . Interestingly, in the absence of external Na ϩ , proton block was independent of external [K ϩ ] (Fig.  5D) . Furthermore, comparison of Fig. 5, C and D (Fig. 5E ). Na ϩ reduced proton block of the pore with a K d of 56.4 Ϯ 3.3 mM. These data suggest that proton block is relieved by Na ϩ binding with the pore. Interestingly, the relief of the proton inhibition appeared to be incomplete with saturating [Na ϩ ] (Fig. 5E) , with ϳ80% of the proton-induced current loss remaining. This suggests that H ϩ and Na ϩ bind at separate sites that interact in an allosteric manner (see DISCUSSION) . That the effect of protons was modified by external cation occupancy of the outer pore supports the conclusion that protons inhibit hERG channel function by binding within the pore.
Extracellular acidic pH reduces hERG single channel current amplitude. Rapid pore block by TEA ϩ and Cs ϩ (59), as well as Ba 2ϩ (23) in Shaker channels results in an apparent reduction of the single channel current amplitude. In Fig. 6 the effect of pH 5.5 on hERG single channel activity was examined. Figure 6A shows hERG S620T single channel activity recorded from cell-attached oocyte patches with the pH titrated to either pH 7.4 or 5.5. The noninactivating mutant had the same pH sensitivity to WT hERG channels (Fig. 3) but, of particular importance here, expressed much larger currents making single channel recordings more straightforward. Recordings were made during a hyperpolarizing pulse to Ϫ110 mV applied after a pulse to ϩ80 mV, which allows for comparison of single channel current amplitude at maximal open probability in both recording solutions. The different sweeps show recordings from successive applications of this voltage protocol. Data collected at pH 7.4 and 5.5 were not paired, since the pipette solution (the external patch solution) could not easily be changed during the course of the experiment. Figure 6B shows ensemble currents from the single channel activities recorded in successive sweeps. These show hERG-like deactivating tail currents that are accelerated at low pH similar to that observed at the macroscopic level in Fig. 3 . Figure 6C shows the effect of acidic pH on the single channel current amplitude. Here a dot plot shows the single channel current amplitudes measured from each sweep recorded from seven patches at pH 7.4 and six patches at pH 5.5. On the right, the mean single channel current amplitude is shown. At pH 7.4, the mean amplitude was 1.21 Ϯ 0.05 pA, and this was significantly reduced to 0.94 Ϯ 0.04 pA at pH 5.5 (P ϭ 0.001, unpaired t-test). The apparent proton-induced reduction in single channel current amplitude is consistent with rapid block of the hERG channel pore.
Negative charge engineered within the outer pore alters the site of proton block. In some ion channels, proton block occurs at a glutamate residue near the extracellular face of the pore (6, 29, 36) . Interestingly, there is a glutamate residue (E637) situated near the extracellular pore in hERG channels, and we therefore tested its role in proton binding. However, measurable currents from E637Q mutant channels could not be recorded (data not shown). This is consistent with the previous finding that E637K reduces hERG channel trafficking and is associated with long QT syndrome (20) . As a different approach to determine the putative role of glutamate residues, an alternative proton binding site, H587E, was engineered. H587 is in the unusually long S5-P-loop turret region of hERG channels and positive charge introduced at this site has been shown to alter ion permeation and outer pore inactivation, suggesting that it may occupy a position close to the outer mouth of the pore (16) . In the same study, these authors showed that H587E had no effect on selectivity or inactivation, and so the effect of introduction of a glutamate residue at this site within the outer pore on block by protons was examined. The rationale was that if protons bind within the pore, the negative charge introduced within the pore by the H587E mutation might be expected to alter their binding. As a negative control, H578E, a site that is also in the turret region, but at a site more distant from the pore (16, 33) , was also tested. In Fig. 7 the fractional amplitude of peak tail current at pH 5.5 is plotted against voltage for the H587E and H578E mutant channels alongside the WT data shown in Fig. 4 for comparison. Whereas the reduction in maximal conductance in the H578E channel showed a voltage dependence that was similar to WT, H587E channels showed no voltage dependence of proton block. Predictions of the fractional electrical distance, ␦, were 0.17 Ϯ 0.02, and 0.04 Ϯ 0.04 for H578E, and H587E, respectively (WT ␦ ϭ 0.18). These data suggest that engineering a glutamate residue at the outer mouth of the pore alters the location of proton binding to a more superficial site. The voltage dependence of the pH-induced inhibition in H587Q mutant channels was also measured (␦ ϭ 0.20 Ϯ 0.04), and this demonstrated that the effect was a specific result of the introduction of the glutamate negative charge (Fig. 7) . These observations further support the conclusion that protons bind within the hERG channel pore.
DISCUSSION
Despite much focus on describing the effects of acidosis on hERG channel function, the site and molecular mechanism of action of protons are unclear. The distinction of separable pK a values for the effects on maximal conductance and deactivation suggests at least two binding sites (4) . Recent data suggest that the voltage sensing unit may be the target for protons acting on hERG channel deactivation. For example, the proton-induced acceleration of deactivation apparently involves acceleration of voltage sensor return (56) , and charge neutralization in the voltage sensing unit abolishes pH sensitivity (34) .
In this study, attention is directed to investigation of the site and mechanism of action of protons mediating the inhibition of hERG channel conductance. Evidence from a series of experiments shown here strongly suggests that protons inhibit hERG maximal conductance by blocking the outer pore of the channel.
Histidine residues as pH sensors. In a number of Kv channels, pH modulation of function occurs via titration of histidine side chains. In Kv1.4 channels, titration of a histidine residue in the S5-P-loop turret reduces maximal conductance via a stabilization of C-type inactivation, resulting in a slowing of the recovery from N-type inactivation (9, 10) . A similar mechanism has been proposed in Kv1.5 channels, where titration of a histidine residue in the turret region is responsible for inducing inactivation from both open and closed states, resulting in a reduction of maximal conductance at low pH (8, 31, 53) . It has also been suggested that protons stabilize both open and closed inactivated states in Shaker channels, resulting in a reduction in maximal conductance (11, 35) . hERG channels have five native histidines that may be accessible to the extracellular solution ( Fig. 2A) and may therefore act as pH sensors. However, the data presented in Fig. 2 , B and C, demonstrate that removal of any one of these histidines did not remove the pH sensitivity of hERG channels. Interestingly, in contrast to the data reported here, H562Q was described to abolish pH sensitivity in a previous initial report (3) . The basis for this difference is not clear. The data presented here do not rule out that although each individual histidine is not necessary for conferring pH sensitivity, the remaining histidines might be sufficient. However, this seems unlikely given the distribution of the histidine residues throughout the protein (Fig. 2A) . It was not possible to test pH sensitivity in channels lacking all five external histidine residues, since H578Q/H587Q double mutant channels were nonfunctional/nonexpressing. Other evidence for a mechanism of action that is different from that in Kv1.4 and Kv1.5 channels comes from the observation that the pH sensitivity of hERG channels was unaffected when inactivation was inhibited by the outer pore mutation, S620T (Fig.  3) . These data are not compatible with a mechanism of enhanced pore collapse (as a result of inactivation) mediated by titration of an outer pore histidine residue, as is the case in a number of Kv1 channels.
Outer pore block. The data presented here suggest that extracellular protons reduce maximal conductance by blocking the channel pore. Several lines of evidence support this conclusion: 1) the reduction in peak tail current at low pH is voltage dependent, with greater block observed at more negative potentials (Fig. 4) ; 2) occupancy of the pore by external cations modulates proton inhibition (Fig. 5); 3) hERG S620T single channel current amplitude is reduced by protons (Fig. 6) ; and 4) introduction of negative charge close to the outer mouth of the pore alters the extent of block and the location of proton binding (Fig. 7) .
The observation that protons block in a voltage-dependent manner is consistent with previous reports of the voltage dependence of I Kr current inhibition recorded from myocytes (57) and is expected for an extracellular positively charged proton entering the pore. Using the Woodhull model, the data presented here predict a ␦ value for proton block of the hERG channel pore of 0.18 (Fig. 4C) . This reflects the fraction of the electrical field that is experienced by the proton at its binding site (58) .
The ␦ value calculated here differs significantly from a previous estimate of 0.76 (27) . However, these authors measured the voltage dependence of block from the rate of deactivation, assuming that the accelerated decay of tail currents at low pH represented proton binding within the pore. This assumption may not be valid given that the pH-induced reduction in maximal conductance has since been shown to be independent of the acceleration of deactivation (25) , and that the effects on deactivation and conductance appear to be mediated by separate binding sites (4) . The voltage dependence of the inhibition of conductance calculated here differs from a previous report suggesting that the effect of protons was similar whether tail currents were inward (at Ϫ120 mV) or outward (at Ϫ40 mV) (4). The main difference between this previous study and the present study is that here proton block was estimated in fully activated channels that have yet to recover from inactivation. To do this, the instantaneous peak current amplitude following the voltage change was measured by extrapolating fits to deactivating currents. This was preferred, because the rates of recovery from inactivation and deactivation are known to be altered by protons, and an extrapolation approach enabled assessment of block prior to these gating transitions. Steady state block at this time-point can be assumed, because proton binding is very rapid (protonation of acetic acid occurs at a rate of 4.5 ϫ 10 10 ·M Ϫ1 ·s Ϫ1 ) (58) . Thus the data presented in Fig. 4 reflect proton binding to fully activated, inactivated channels. However, since proton block does not appear to depend upon inactivation [removal of inactivation by the S620T mutation did not alter proton block of the pore (Fig. 3, A and B) , and acidic pH did not alter the voltage dependence of inactivation (Fig. 3C) ], the voltagedependent nature of proton binding reported here is interpreted as an estimate of binding to fully activated channels.
Important evidence in support of the conclusion that protons bind within the channel pore comes from recordings of the effect of acidic pH on hERG single channel activity (Fig. 6 ). These data were collected from hERG S620T mutant channels, since the mutant channels expressed to a significantly greater level than WT and exhibited the same pH sensitivity (Fig. 3) . Analysis of the single channel current recordings revealed that protons reduced the single channel current amplitude by ϳ25%. This is consistent with a rapid pore block that occurs faster than the resolution of our recordings (22) , similar to that seen, for example, with Ba 2ϩ (23) , Cs ϩ , and TEA ϩ (59) block of Shaker channels, and with H ϩ block of L-type Ca 2ϩ channels (6) . Rapid proton block of the hERG channel pore is supported by the fast time-course of block of I Kr reported previously (57) . The extent of the reduction in single channel current amplitude observed (Fig. 6C ) was similar to the ϳ35% reduction in tail current amplitude observed in hERG S620T mutant channels (Fig. 3) . The discrepancy between the percentage reduction in microscopic and macroscopic recordings may be accounted for by the reduced signal-to-noise ratio inherent in single channel recordings.
Further evidence supporting pore block as the mechanism underlying proton inhibition of hERG conductance comes from the observation that the inhibition was sensitive to external cations (Fig. 5) . Changing the external [K ϩ ] relieved proton inhibition with a K d of ϳ1 mM (Fig. 5, A and C) consistent with a proton binding site within the pore. Detailed studies have shown that Na ϩ binds within the outer pore of hERG channels when the external [K ϩ ] is low (37, 40) . These studies showed that external K ϩ relieved Na ϩ block with a K d ϳ3 mM, resulting in a labile channel conductance within the physiological range of [K ϩ ]. It should be noted that this mechanism is distinct from that in Shaker channels where loss of conductance with low external K ϩ is caused by a stabilization of the inactivated configuration of the pore (35) . Since both K ϩ and Na ϩ may occupy the outer hERG channel pore simultaneously in some of the recording conditions in Fig. 5C , the extent of proton inhibition was examined in Na ϩ -free solutions in which the [K ϩ ] was varied, and in K ϩ -free solutions in which the [Na ϩ ] was varied. In the absence of Na ϩ , proton block was insensitive to external K ϩ and was near maximal (Fig. 5D) , suggesting that proton binding was relieved by external Na ϩ . This is supported by the observation that proton block was relieved by increasing external Na ϩ in the absence of K ϩ (the K d for Na ϩ relief was ϳ56 mM, Fig. 5E ). Na ϩ binding within the outer pore of hERG channels was previously shown to hinder the exit of Ba 2ϩ from its binding site deeper within the pore (37) . The observation that Na ϩ hinders protons from accessing the pore of the hERG channels supports the conclusion that protons bind within the outer pore.
Interestingly, raising external Na ϩ did not abolish proton block even with concentrations as high as 96 mM (Fig. 5E ). At such a concentration, Na ϩ is expected to occupy both previously identified Na ϩ binding sites within the hERG outer pore binding [the Na ϩ binding affinities for these sites are ϳ4 mM and 55-140 mM, respectively (38) ]. The incomplete relief of proton block by Na ϩ suggests that Na ϩ and H ϩ do not compete for a common binding site, but rather that proton binding is altered by Na ϩ occupancy in an allosteric or electrostatic manner. The observation that varying external K ϩ altered proton block in the presence, but not in the absence, of Na ϩ requires further investigation. It is possible that the outer pore conformation is altered in the presence of external Na ϩ such that bound protons experience K ϩ -induced allosteric effects not felt in the absence of Na ϩ . Another alternative is that two proton binding sites may exist within the pore, one that is K ϩ dependent and another that is K ϩ independent. Outer pore glutamate residues serve as proton binding sites that mediate pore block in a variety of channels (6, 29, 36) . It was not possible to directly test the role of the hERG channel outer pore glutamate, E637, due to the lack of membrane currents recorded from E637Q mutant channels. However, introduction of a glutamate residue at H587 altered the voltage dependence of pore block by protons (H587E in Fig. 7 , ␦ ϭ 0.04), an effect that was not observed in the H587Q mutant channel (␦ ϭ 0.20, Fig. 7 ). That charge introduction within the pore altered the voltage dependence of binding provides further evidence for proton block of the pore as the mechanism of inhibition of hERG channel conductance. Moreover, the observation that protons bind at H587E with little, if any, voltage dependence suggests that H587 occupies a superficial site that lies outside of the electric field. In WT hERG channels, where protons bind with a ␦ value of 0.18, the binding site would, therefore, be expected to be located below H587. An alternative interpretation of the lack of voltage dependence of proton block of H587E mutant channels is that the engineered negative charge does not bind protons, but allosterically alters the existing proton binding site or the electric field that the proton experiences and therefore the apparent ␦ value. However, the observation that the H587Q mutation bound protons in a manner similar to that of WT channels is consistent with the idea that the H587E mutation generates a negatively charged proton binding site that alters the site of binding. Furthermore, the H587E mutation was previously shown to have no effect on channel selectivity or inactivation, suggesting that gross changes of the pore/electric field are not induced by the substitution (16) .
Functional studies in Shaker and Ca 2ϩ -activated K ϩ channels show that rapid pore block by external Ba 2ϩ is caused when ions bind at a site that has a ␦ value of 0.14 -0.18 (19, 23, 39) , similar to that reported here for proton block of hERG channels. Subsequent crystallization of the KcsA channel in the presence of Ba 2ϩ revealed that this site corresponds to the outer K ϩ coordination site within the selectivity filter (26) that has been referred to as S1 (60) . It has been proposed that the unusually long S5-P-loop turret region in hERG channels affords an outer pore structure that is somewhat different to that in Shaker channels (16) . This may complicate comparison of the location of the binding site to which a given ␦ value relates in hERG channels. Moreover, the structure of the turret region in hERG channels may be quite dynamic, undergoing significant conformational rearrangement associated with channel gating (21, 33) , and this may further alter the electric field in the vicinity of the outer pore.
Effects on the voltage dependence of activation. In addition to inhibiting maximal conductance, acidic pH also shifted the voltage dependence of activation of WT hERG channels to more depolarized potentials (Fig. 1B) . Statistically significant shifts observed at pH 5.5 and 4.5 ( Fig. 1) are consistent with previous reports of hERG expressed in Xenopus oocytes (4). Such shifts were calculated to increase the energy required for channel activation (⌬G) by 2.5 Ϯ 0.1 and 2.9 Ϯ 0.2 Kcal/mol, respectively ( Table 1 ). The observation that activation parameters were unaffected at pH 6.5 (⌬⌬G ϭ 0.3 Ϯ 0.1 Kcal/mol, Table 1 ) is also similar to previous reports (4, 25, 27) . Interestingly, a ϩ8.9 mV shift in activation was observed in native I Kr current at pH 6.5 (57) , suggesting that native I Kr activation may have a higher sensitivity to protons than hERG channels expressed in Xenopus oocytes, although differences in recording solution composition or temperature or the presence of accessory partners may also be involved. Figure 3C shows that acidic pH (pH 5.5) did not shift the voltage dependence of steady-state inactivation to the same extent as that of activation. This suggests that the effect of protons on the activation gating process may be specific, rather than a result of simple charge screening effects.
In summary, the data presented in this study identify direct pore block as the mechanism of action mediating protoninduced inhibition of hERG channel maximal conductance. It should be noted, however, that although some of our findings are in agreement with previous studies, including those performed on I Kr recorded from intact myocytes, the data presented here are limited to observations made at room temperature without physiological interacting partners, such as KCNE2, and without coexpression of the hERG1b splice variant that has been shown to express in cardiac tissue (28) and to increase proton sensitivity in heteromeric hERG1a/1b channels (14) . Although unlikely to alter the mechanism of action of protons described in this study, these factors may contribute to the overall quantitative effect of acidic pH on hERG channel function in intact cardiac myocytes. 
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